Based on the observation that diabetes, obesity, and hypogonadism influence bone metabolism, the existence of a feedback loop and a common regulation was postulated and an endocrine role ascribed to the skeleton. In the first part of this review, two pathways are described whereby adipose tissue acts on bone mass. In the first, leptin activates the sympathetic nervous system via serotonin and diminishes bone mass accrual. The second pathway functions via the activation of CART (CARTPT) and inhibits bone resorption. The first pathway leads to a decrease in bioactivity of the osteoblast-produced hormone osteocalcin (OC) (part 2). In its undercarboxylated form, OC acts on the three targets pancreas, adipose tissue, and gonads (part 3) and thereby causes an increase in insulin secretion and sensitivity, b-cell proliferation, and male fertility. Insulin (part 4) is part of a recently discovered regulatory feedback loop between pancreas and osteoblasts. It is a strong counterplayer of leptin as it causes a decrease in OPG expression and enhances bone resorption and OC decarboxylation. Numerous clinical studies (part 5) have shown associations of total and undercarboxylated OC and markers of energy metabolism. Interventional studies, to date only performed in murine models, have shown positive effects of OC administration on energy metabolism. Whether bone tissue has an even further-reaching endocrine role remains to be elucidated.
Introduction
For a long time, only classical actions have been attributed to the skeleton such as the protection and stabilization of the body and support in locomotion. In addition, bone is considered a site for hematopoiesis and serves as a pivotal organ in calcium and phosphorus homeostasis. Recently, however, a further-reaching, endocrine role affecting the entire organism has been suggested for the skeleton.
A first hypothesis, developed by Karsenty et al. (1, 2) , postulated the regulation of bone remodeling by energy metabolism, derived from clinical observations such as a less frequent occurrence of osteoporosis in obesity and increased cases of osteoporosis in hypogonadal patients (3) . These findings suggested a connection as well as a common regulation of bone, energy metabolism, and reproduction. Bone per se could be involved in the regulation of glucose metabolism and reproductionprovided the skeleton is truly an endocrine organ (3) .
This review describes how adipose tissue acts on bone mass via two distinct pathways, why bone tissue can be considered an endocrine organ, and the effects it has on its three main targets. The regulatory feedback loop between pancreas, osteoblasts, and bone resorption is described and the results from clinical studies are depicted.
Adipose tissue acts on bone mass via two indirect pathways
As appetite and reproduction are regulated by the hypothalamus, it is assumed that bone metabolism might likewise be subject to hypothalamic control. These assumptions drew the attention toward leptin (1) , which is produced by adipocytes and functions in the brain. Leptin is held responsible for the inhibition of appetite and the favoring of reproductive function, as documented by obese and sterile leptin-deficient ob/ob and leptin receptor-deficient db/db mice (2) . The regulation of bone metabolism is also a function of leptin, as it acts on osteoblasts via two different neural pathways (1, 2) ( Fig. 1) as seen in ob/ob and db/db mice. The absence of leptin had caused hypogonadism and elevated glucocorticoid levels. Nonetheless, these mice showed an increase in bone formation as a result of the absence of leptin. In these experiments, leptin or PBS was infused into the third ventricle of ob/ob mice to observe whether leptin could correct this high bone phenotype via a central mechanism. Leptin-treated but not PBS-treated mice fully recovered their bone phenotype. By infusion into wild-type mice, leptin was shown to lower bone mass even under physiological conditions (1) . This experiment supports the idea of a central and catabolic regulation of bone metabolism by leptin (1, 2) . In a study using Cre/LoxP transgenic mice, the leptin receptor was deleted in neurons and osteoblasts (4) . Neuronal deletion resulted in an increase in bone formation and bone resorption, leading to a high bone mass (4) . The same deletion in osteoblasts did not have an effect on bone remodeling (4) . In a mouse model with a partial gain of function of leptin signaling (l/l mice), Shi et al. (4) could show that leptin signaling inhibits bone mass accrual via the sympathetic nervous system (SNS). l/l mice thus had a low bone mass phenotype, especially at the trabecular bone (4, 5), even though appetite, energy expenditure, and reproductive function were normal (4) . The fact that only bone mass accrual was affected, but not appetite and reproduction, implies that the threshold of leptin signaling needed to affect bone mass might be lower (6) .
Beyond physiological studies performed with transgenic mice, several pharmacological studies using much higher doses of leptin revealed a peripheral and anabolic action of leptin on bone mass. Leptin has been shown to enhance proliferation of isolated fetal rat osteoblasts, which expressed the signaling form of the leptin receptor (7) . In vivo, systemic injection of leptin into adult male mice reduced bone fragility (7) . Additionally, an inhibition of osteoclast formation by leptin has been demonstrated (8) . Bartell et al. (9) compared the impact of i.c.v. or s.c. administration of leptin on bone in ob/ob mice. Regardless of mode of administration, leptin increased bone mineral density, bone mineral content, bone area, and mineral apposition rate (9). Williams et al. (10) compared the bone phenotype of db/db and wild-type mice using microcomputed tomographic analysis. Db/db mice had significantly lower cortical and trabecular bone volume and thickness and a lower trabecular number in the tibias as well as a lower cortical and trabecular bone thickness in the vertebrae (10) . These studies suggest an anabolic rather than a catabolic function as well as a central and peripheral mechanism of action of leptin with regard to bone metabolism.
But what are the mechanisms of the proposed central regulation of bone metabolism by leptin?
Independent of these findings and considerations, it has been shown that selective serotonin reuptake inhibitors (SSRI) in humans are associated with increased appetite, odds of falling, lower BMD at the hip, and a trend toward lower BMD at the spine (11) . In a meta-analysis of 13 studies conducted by Wu et al. (12) , the use of SSRIs has been associated with an elevated rate of fractures. This association was also seen in studies that had adjusted for bone mineral density and depression (12) . These findings suggest a connection or a common pathway of serotonin and leptin.
Experiments have shown that in order to inhibit appetite and bone mass accrual, leptin depends on the integrity of hypothalamic neurons but not on the expression of its hypothalamic receptor ObRb on these neurons (13) , proposing the existence of an intermediary neurotransmitter. Indeed, not all its actions are exerted by binding to hypothalamic receptors. Instead, leptin acts in the brainstem to inhibit the synthesis and release of serotonin from the raphe nuclei (6) ( Fig. 2 ). Brain-derived serotonin binds to HTR2C receptors of VMH neurons in the hypothalamus, decreases signaling of the SNS, and thus increases bone mass accrual (13, 14) . By binding to HTR1A and HTR2B receptors in the arcuate nuclei of the hypothalamus, serotonin increases appetite (13) . Serotonin is thus an important mediator in regulating bone mass and appetite. Leptin, by decreasing serotonin synthesis, increases signaling by the SNS, which exerts its function via b2 adrenergic receptors expressed on osteoblasts. Thereby it activates two distinct cascades (15) . The first one inhibits osteoblast proliferation and the other one promotes RANKL (TNFSF11) expression and thus bone resorption (2) .
When leptin binds to receptors on the neurons of the arcuate nuclei, however, it induces an increase in the expression of a gene called CART (cocaine-and amphetamine-regulated transcript; CARTPT) (16, 17) . CART decreases RANKL expression by osteoblasts via a yet unknown mechanism and thus inhibits bone resorption -the second pathway of leptin regulation ( Fig. 2 upper part) (18) . It is assumed that CART acts more as a circulating factor than a neuropeptide, as an increase in the circulating levels of CART can rescue the low bone mass phenotype of Cart K/K mice (19) . In wildtype mice, a decrease in bone resorption could be induced (19) . Whether CART affects gene expression in osteoblasts via a direct of indirect mechanism remains currently unknown (19) . All in all, leptin prevents bone mass accrual through the combined action of the SNS and CART (2) .
The value of a common hormonal regulation of bone metabolism and appetite might have evolutionary reasons. As bone remodeling, important for the repair of micro-and macro-damages in the skeleton, and thus essential for mobility, is costly in terms of energy expenditure, it strongly relies on a constant supply (13) .
Leptin direct influence on β-cells insulin secretion ↓ (28, 14) Figure 1 Bone-related functions of leptin. The figures in parentheses represent references (8, 14, 18, 28, 64) .
Bone acts as an endocrine organ
The protein osteocalcin (OC), also referred to as bone GLA protein, is produced by osteoblasts and odontoblasts and has been known as a marker of bone turnover (20, 21) . It is carboxylated posttranslationally on three glutamic acid residues in a vitamin K-dependent manner by the enzyme g-glutamyl carboxylase. The resulting amino acid g-carboxyglutamic acid (Gla) has the property to bind to free calcium and calciumcontaining mineral surfaces (22, 23) . OC contains three Gla residues that provide high affinity for bone matrix. OC is the predominant GLA protein in bone (23) . Decarboxylation diminishes the hydroxyapatite-binding affinity of OC. Undercarboxylated OC (ucOC) is a measure for the status of vitamin K in bone as vitamin K depletion increases and vitamin K supplementation decreases levels of ucOC (24) . Both the fully carboxylated OC (cOC), considered biologically inactive, and ucOC, regarded biologically active, are distributed in the systemic circulation (25) . Undercarboxylated forms of OC show hormonal characteristics such as the cell specificity of its gene, release in a circadian pattern, and synthesis as a pre-pro-molecule (23) . ucOC might play a major role in the regulation of the energy metabolism, such as the increase in b-cell proliferation, insulin secretion and sensitivity, and energy consumption (25) . Bone tissue thus seems to have a direct effect on energy metabolism. The first evidence was provided by Lee et al. in 2007 (25) with the identification of a gene called ESP (PTPRVP). It encodes for the intracellular protein tyrosine phosphatase OST-PTP, or protein tyrosine phosphatase 1B (PTP1B (PTPN1)) as the counterpart in humans, and thus favors carboxylation of OC. So, PTP1B and g-carboxylase are osteoblast-derived regulators of OC bioactivity.
By deleting the only adrenergic receptor expressed in osteoblasts in mice, the b2 adrenergic receptor, Hinoi et al. (26) were able to show that leptin signaling via the sympathetic tone regulates insulin secretion through the cascades in osteoblasts. These mice demonstrated increased serum insulin and low postprandial serum glucose levels. Expressions in insulin, glucokinase, and cyclin-dependent kinase 4 (CDK4) were elevated. More precisely, leptin increased the expression of ESP in osteoblasts, which diminished bioactivity of OC and hampered its metabolic function (25, 26, 27) . Thereby, insulin secretion was decreased (26) . Additionally, leptin acted directly on b-cells to block the secretion of insulin (28, 29) . Of note, by enhancing bone resorption, the active, undercarboxylated form of OC is indirectly released (Fig. 2 ).
OC has three known targets: pancreas, gonads, and adipose tissue
The importance of this newly identified hormone for the human body was hinted in experiments using OC K/K mice, which exhibited a decrease in insulin secretion and sensitivity, diminished b-cell proliferation, decreased energy expenditure, and increased fat mass. As a result, OC K/K mice were more likely to be insulin resistant or glucose intolerant (25) and showed an early development of obesity while possessing a normal bone phenotype, even under a normal diet (3). Compared with OC K/K mice, Esp K/K mice had significantly higher levels of serum ucOC and showed the opposite metabolic phenotype (25) . At birth, they displayed severe hypoglycemia. In adult mice, glucose levels were also abnormally low. In addition, Esp K/K mice showed elevated C-peptide levels and hyperinsulinemia. Figure 2 Bone as an endocrine organ and its influences on the whole body. cOC, carboxylated OC; SNS, sympathetic nervous system; ucOC, undercarboxylated OC. Upper part: adipocyteproduced leptin inhibits the production of serotonin in the brain. Serotonin reduces the activity of the sympathetic nervous system. Leptin signaling thus increases the sympathetic tone and consequently bone resorption. Leptin binds to neurons of the arcuate nuclei and increases the expression of cocaine-and amphetamineregulated transcript (Cart) whereby bone resorption is decreased. All in all, through CART and the SNS, leptin prevents bone mass accrual. Lower part: OC bioactivity is controlled by two counteracting hormones -leptin and insulin. In addition to enhancing bone resorption via the two above-described pathways, leptin increases the expression of ESP and thus reduces OC bioactivity as the intracellular protein tyrosine phosphatase, OST-PTP, encoded by ESP, favors OC carboxylation. Insulin signaling in osteoblasts, on the contrary, causes a decrease in osteoprotegerin (OPG) expression and the OPG/RANKL ratio and thus enhances bone resorption. OC decarboxylation is stimulated. The functions of ucOC include the increase in insulin secretion in b-cells and the increase in insulin sensitivity in muscle, liver, and adipose tissue, as well as an increase in testosterone production in Leydig cells. Glucagon levels were normal, as they were suppressed by insulin. Glucose tolerance was higher, and despite hyperinsulinemia, insulin sensitivity was also increased compared with WT mice. The number of islets, islet size, b-cell mass, and pancreatic insulin content were elevated in Esp K/K mice. Gonadal fat pads, liver fat content, body weight, and triglyceride levels were lower. Energy expenditure and serum adiponectin levels, contributing to insulin sensitivity, were higher. In addition, they presented with increased bone resorption (30) caused by a decrease in OPG secretion. Introducing one allele of the OC mutation into Esp K/K mice or treating them with an antiresorptive drug normalized their metabolic phenotype (30) .
In adipose tissue, OC increases expression of the gene ADIPOQ encoding adiponectin, which enhances insulin sensitivity (25, 27) . By the presence of adiponectin receptors on osteoblasts, adiponectin can induce proliferation and differentiation of the same (31) .
Recent findings have revealed yet another target of OC beyond the pancreas and the insulin-sensitive tissue muscle, liver, and fat: the gonads. OC seems to induce testosterone production in Leydig cells but lacks an influence on estrogen or testosterone production in the ovaries (32) . This is due to the newly identified ucOC G protein-coupled receptor (GPRC6A) expressed in testes but not in ovaries (33) . By binding to GPRC6A, ucOC promotes fertility as increased testosterone production has positive effects in reducing germ cell apoptosis (33) .
Foresta et al. (34) have recently suggested a role of adipocytes in the secretion of OC -until then perceived as the product of mature osteoblasts only -which expands the model proposed by Gerard Karsenty. In gene expression and immunohistochemistry analyses, it could be demonstrated that visceral and subcutaneous adipose tissue express OC mRNA and all genes involved in carboxylation (g-glutamyl carboxylase, GGCX, and both isoforms of vitamin K-epoxide reductase complex, subunit 1, VKORC1 isoforms 1 and 2) (34). In vitro, adipose tissue released OC in its undercarboxylated and carboxylated form. In a subsequent study, it was demonstrated that androgens acting on adipose tissue increase the expression of both forms of OC. Various studies have shown that androgens are lowered in obese men (35, 36, 37, 38) . Decreased androgen levels in patients with metabolic disturbances might therefore in part explain low OC levels in the same patients. More studies are warranted to investigate the contribution of osteoblast-and adipocyte-derived OC to energy metabolism.
The regulatory feedback loop between pancreas, osteoblasts, and bone resorption
With the discovery of the feedback loop between pancreas and osteoblasts, a major counterplayer of leptin was revealed: insulin, a positive regulator of OC bioactivity (Fig. 2 lower part) .
The insulin receptor is a tyrosine kinase and is expressed on osteoblasts. It is as such a substrate of the tyrosine phosphatase OST-PTP encoded by ESP. Consequently, the insulin signaling cascade can be interrupted by OST-PTP. If this is not the case, the binding of insulin to its receptor causes a decrease in osteoprotegerin (OPG (TNFRSF11B)) expression and of OPG/RANKL ratio in a FOXO1-dependent manner. Bone resorption is enhanced and the extracellular matrix in the bone acidified (30) . The change in pH enables the release of OC from the bone matrix and its subsequent decarboxylation. ucOC is released into the systemic circulation, where the carboxylated form can also be found and exerts its positive effects on insulinsensitive tissues. The status of decarboxylation is in fact determined by the osteoclasts as the acidic milieu in the resorption lacunae is responsible for decarboxylation. These findings support the central role of insulin signaling in osteoblasts and denote bone resorption as the key link between bone remodeling and energy metabolism (30) .
OC and metabolism: clinical evidence
Total OC and markers of metabolic phenotype A study by Rosato et al. from 1998, comparing diabetic patients with healthy subjects, is one of the earliest reports showing an association between glucose metabolism and OC in a clinical setting. Baseline levels of serum OC were significantly lower in diabetic patients. An improvement in glycemic control raised serum levels of insulin-like growth factor 1 (IGF1) and OC significantly (39) . Clinical studies such as the MrOS Sweden Study (osteoporotic fractures in men) (40) showed that Swedish male diabetics likewise had significantly lower plasma OC levels than nondiabetic Swedish men. In addition, Kindblom et al. (40) and Pittas et al. (41) were able to show for the first time a significant inverse correlation between plasma OC and BMI, fat mass, and plasma glucose.
Inverse correlations between plasma total OC and fasting insulin (41) , insulin resistance (41, 42, 43) , and systemic inflammation (CRP, IL6) (41) have been shown. Upon glucose load, total OC decreased from baseline to 120 min (44) .
A study by Levinger et al. (45) has reported increases in ucOC in obese men and diabetics upon aerobic training, which might be in part responsible for the decrease in glucose levels during the workout. Men performing power training demonstrated a comparable decrease in glucose levels; ucOC levels, however, only marginally increased, suggesting new, yet unknown factors involved. Similar studies could not detect any increase in total OC levels after training (46, 47, 48, 49) .
In obese children after substantial weight loss, OC levels increased and leptin and insulin resistance (expressed by homeostatic model assessment-insulin resistance index, HOMA-IR) decreased significantly (50) . Fernandez-Real et al. (42) also detected increases in OC accompanying reductions in visceral fat mass in their adult patients after weight loss and increases in regular exercise. After bariatric surgery, regardless of the procedure applied, total OC levels increased during the first 12-24 months but started decreasing after that time period (51) . Adiposity measures were found to correlate inversely with OC (52) .
Interestingly, OC levels were higher in pregnant women with gestational diabetes compared with pregnant women with normal glucose tolerance. Twelve weeks after giving birth, OC levels equaled between the two groups. These findings suggest a compensatory increase in OC in the presence of impaired glucose tolerance during pregnancy (53) .
Further clinical studies showed similar associations between OC and metabolic parameters such as a negative correlation with HbA1c (54, 55) and a positive correlation with adiponectin (54, 56) . Patients with nonalcoholic fatty liver disease had lower levels of total serum OC than healthy controls; OC was inversely associated with ALT, AST, HOMA-IR, and hepatocyte ballooning in these patients.
By contrast, low as well as high levels (first and fifth quintile respectively) of total OC have been associated with all-cause and cardiovascular mortality in a study of 3542 older men (57) . Whether this can be attributed to the altered bone turnover or to the biological activity of OC remains unclear (57).
OC, leptin, and adiponectin
A study by Gravenstein et al. (58) provides clinical evidence for the findings that glucose metabolism is regulated by OC in a leptin-dependent way. Leptin is strongly positively associated with insulin resistance and secretion, and both adiponectin and OC show a negative association with insulin resistance. However, Schafer et al. (59) could not find an association of ucOC with leptin.
In accordance with the data from cell culture experiments, where it has been shown that ucOC increases adiponectin expression from adipocytes (25, 27) , higher ucOC levels have been associated with higher adiponectin levels in a clinical setting (59) . In addition, a decrease in fat mass is accompanied by an increase in adiponectin levels (60, 61) .
Clinical evidence from measurement of ucOC
Most of the above-mentioned studies performed measurements of total OC. Animal studies, however, provide evidence that it is rather ucOC hormonal functions and thus effects on glucose metabolism are attributed to. In studies measuring ucOC, it was regarded responsible for enhanced b-cell function (62) and associated with plasma glucose levels in men with T2DM (63) . However, ucOC levels in patients with T1DM did not differ from those in healthy adults. ucOC levels were higher in younger subjects and correlated positively with IGF1 (64) . In healthy children, higher ucOC levels were associated with higher insulin secretion (65) as well as with higher high-molecular weight adiponectin, while children with prediabetes had lower ucOC concentrations and b-cell dysfunction (66) . Acute insulin response to glucose challenge correlated negatively with ucOC in middle-school children (52) . Serum ucOC levels were identified as being significantly lower in patients receiving antiresorptive bone medication, reflecting suppressed bone turnover in these individuals (67, 68) , as well as in patients on glucocorticoid therapy (68) . It remains to be clarified whether osteoporotic patients on bisphosphonates might be at an increased risk of developing disturbances of glucose metabolism as a consequence of their diminished levels of ucOC (69) . However, a study by Shea et al. (70) failed to show a significant link with parameters of glucose metabolism and ucOC; a connection of total or cOC with insulin resistance could be identified, though. The reasons for these conflicting results might be species differences or imprecision of HOMA-IR as a parameter of insulin resistance, as noted by the authors (70), or methodical problems such as inhomogeneity or lack of specificity of commercially available assays, as supposed by Ducy (69) .
A study by Basu et al. (71) was likewise unable to show alterations of ucOC levels upon acute changes in insulin levels, conducted in 14 patients who underwent a 7-h stepped insulin infusion accompanied by glucose clamp and somatostatin infusion. Conflicting data were revealed in a recently published study, where vitamin K2 supplementation was found to increase insulin sensitivity in healthy young men. Interestingly, this effect was ascribed to an elevation of serum cOC levels (72) .
The first direct evidence in humans showing that OC regulates energy metabolism might be provided by Confavreux et al. (73) . Two patients undergoing surgical resection of an OC-producing osteoid osteoma are described. One day after surgery, ucOC levels had decreased and serum glucose levels had strongly increased (69) .
Upon perception of all these new findings regarding the role of ucOC and OC, it should be noted that OC is most likely not only a marker of bone turnover, and variations in its serum level might not always be the consequence of an effect on bone formation but should also possibly be regarded as a transient metabolic adaptation (69) . These studies are cross-sectional studies that can demonstrate associations but not causality except for the osteoid osteoma cases (73) . Even if some human studies remain negative, there is a growing body of evidence in humans showing that ucOC improves glucose metabolism as it does in rodents.
OC and fertility: clinical evidence
In addition to the mouse models described, this newly discovered bone-testis axis has recently been clinically supported for the first time. Kirmani et al. (74) found a significant correlation of total OC, but not P1NP, with testosterone in boys aged 11-14 years, while testosterone was significantly correlated with periosteal circumference. A trend was observed for ucOC. These results underline the importance of the bone-testis axis especially during rapid skeletal growth. Starting at a bone age of 11 years, testosterone levels rise due to hypothalamic-pituitary influences and OC increases due to skeletal growth and peaks at bone age 14 years. OC in turn stimulated testosterone production and testosterone again contributed to bone growth.
OC as a treatment: preclinical treatment experiments
Interventional studies clarifying the effects of OC on energy metabolism are still lacking as OC cannot be administered to humans. Treating mice fed a normal diet with recombinant ucOC reduced serum glucose levels and enhanced insulin secretion (27, 75) . In mice fed a high-fat diet, glucose tolerance and insulin resistance were in part reconstituted and hepatic steatosis regressed by the injection of ucOC (75) .
In humans, an intervention-like situation was achieved in a study by Schafer et al., where patients were treated with either PTH or alendronate. PTH increased whereas alendronate decreased ucOC levels. Metabolic changes were observed as higher decreases in body weight and fat mass and higher levels of adiponectin and have been attributed to increases in ucOC levels (59) .
A further-reaching endocrine role
A very recent study by Yoshikawa et al. was able to show that only a part of the phenotype caused by osteoblast ablation in mice could be corrected by administration of uncarboxylated OC. Glucose intolerance was fully reversed and glucose as well as insulin levels returned to normal, but insulin sensitivity, improved gonadal fat weight, and energy expenditure were only partly restored. This suggests that osteoblasts influence energy metabolism only in part via OC and that the rest is most likely regulated in an OC-independent manner, perhaps via other osteoblast-produced hormones (76) that have not yet been identified.
Conclusion
The hypothesis of a connection between skeleton, energy metabolism, and reproduction could be supported in recent years both by experiments in mouse models and by clinical studies through the role of OC. It has been shown that not only the body acts on the bone but also that vice versa the bone influences many tissues in the human body -adipose tissue, muscle, liver, testis, pancreas, and perhaps even more. What its exact functions are, how they are exerted, and what fraction of OC (total, undercarboxylated, uncarboxylated, and carboxylated) is mostly responsible for them remain to be clarified. Is OC a long-term protector against metabolic disturbances? Is there a short-term reaction toward rises in glucose or insulin levels? Many questions remain to be answered.
In spite of yet ongoing controversial discussions concerning many of the newly proposed hypotheses and newly discovered aspects, the role of bone as an endocrine organ for the entire organism is a paradigm shift that will evoke many more medical findings.
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